Excited states and energy relaxation processes are studied for stacked InAs/GaAs QD's with GaAs cap layers grown by migration enhanced epitaxy. Photoluminescence excitation ͑PLE͒ spectra reveal the excited state spectrum as a function of size for self-assembled InAs QD's in multilayered samples with 36-ML spacers. The observed energy shifts and splittings are consistent with those of hole states numerically calculated for pyramidal QD's supporting assignment to the transition between the electron ground ͉000͘ and the ͉001͘ excited hole state. The optical results suggest the island shape uniformity to improve in multilayered samples, which is attributed to the contribution of the buried islands to the surface strain altering the island formation kinetics and energetics that also underlie vertical self-organization. Time-resolved photoluminescence ͑TRPL͒ results yield a lifetime of 40 ps for the first excited ͉001͘ hole state, attributed to multiphonon relaxation processes bridging the approximately 100 meV level separation, and ground-state lifetimes around 700 ps independent of the detection energy. At high excitation densities saturation of QD states leads to long-living excited-state PL and up to 1 ns delay in the ground-state PL decay, showing radiative decay to be the dominant recombination process in the QD's. The results presented contribute to the understanding of PLE spectra of an inhomogeneous QD ensemble, which is argued to be sensitive to the shape uniformity, the excited-state spectrum, and competing recombination processes. ͓S0163-1829͑98͒03115-4͔
I. INTRODUCTION
The spontaneous formation of coherent three-dimensional ͑3D͒ islands in highly strained semiconductor epitaxy such as In x Ga 1Ϫx As on GaAs ͑Ref. 1͒ and SiGe on Si ͑Ref. 2͒ has attracted interest as nature's way to generate nm-scale quantum dots ͑QD's͒. Above a critical deposition thickness, coherent In x Ga 1Ϫx As islands with lateral extensions of 10-20 nm and heights of 5-10 nm are spontaneously formed on top of a 2D layer, called the wetting layer ͑WL͒. [3] [4] [5] [6] [7] Although the formation of 3D islands following a WL, referred to as the Stranski-Krastanow growth mode, is long known in strained epitaxy, 8 only the discovery of the defect-free coherent nature of the islands 1,2 revealed the potential of the small QD's formed after GaAs overgrowth for optoelectronic applications. The demonstration of QD-based injection lasers, [9] [10] [11] with threshold current densities down to some 10 A cm Ϫ2 and the predicted 12 high-temperature stability, shows the high optical quality of the QD structures. However, selfassembled QD's suffer ϳ10% size fluctuation [3] [4] [5] [6] [7] as well as shape nonuniformity 13 smearing out the otherwise discrete density of states. The nonuniformity of self-assembled QDs makes a detailed investigation of the excited state spectrum and of energy relaxation ͑and recombination͒ processes difficult, which are both of basic physical interest and critical for design and performance of devices.
The excited-state spectrum of self-assembled QD's as well as the corresponding optical transitions are still controversial. Depending on the assumed QD shape and size, calculations predict the observation of ''allowed'' transitions between electron and hole states of the same quantum number [14] [15] [16] or recombination of holes in various excited states with electrons in the ground state. [17] [18] [19] In the latter case, the low QD symmetry accounts for the oscillator strength of the otherwise ''forbidden'' transitions. Experimental information on excited states of self-assembled QD's is based on photoluminescence ͑PL͒ spectra at excitation densities sufficient to saturate QD states [19] [20] [21] [22] and on capacitance measurements. 14, 23 These experiments probe QD's charged with multiple electron-hole pairs or carriers, respectively, and thus the single-particle states are altered by Coulomb interaction. 24, 25 Highly sensitive absorption techniques, like calorimetric absorption spectroscopy, are able to resolve ground-and excited-state transitions of unpopulated QD's, 26 but are limited by the inhomogeneous broadening. Optical techniques such as selectively excited PL ͑Refs. 14,20͒ or PL excitation ͑PLE͒ ͑Refs. 6,13͒ spectroscopy are expected to reveal excited-state transitions and the size dependence of the excited-state splitting. However, nonradiative recombination in competing QD samples has been demonstrated to result in the observation of multiphonon resonances. 13, 27 The discrete atomiclike energy spectrum of QD's imposes constraints for inelastic phonon scattering that have been proposed to slow down carrier relaxation. 28, 29 Indeed, interlevel scattering times of the order of some 10 ps have been observed in time-resolved PL ͑TRPL͒ excitation measurements. 27, 30 The correspondingly long relaxationlimited lifetime of the excited states makes PLE sensitive to competing radiative and nonradiative recombination processes, which ultimately might suppress ground state PL, the so-called phonon bottleneck effect. 28 In an inhomogeneous QD sample the phonon bottleneck effect leads to multiphonon resonances in the PLE spectra, allowing only QD's with fast intradot relaxation to contribute to the PLE signal. 27 It is not clear yet if the competing relaxation process is intrinsic to small QD's presenting a principal limit to the achievable quantum yield.
The growth of multilayered QD structures has increasingly attracted interest. Depending on the spacer thickness between subsequent QD layers vertical self-organization of islands in stacks has been observed. 31 The contribution of the buried islands, acting as stressors, to the surface strain field leads to strain-driven In migration favoring formation of new islands on top of the buried ones. 31, 32 Although vertical ordering of In x Ga 1Ϫx As 3D islands in In x Ga 1Ϫx As/GaAs multilayered structures was noted early on, 33 the highly defected nature of the material did not draw attention to the potential of vertical self-organization. The high volume density of islands in multilayered structures has been exploited in QD injection lasers. 9, 10, 11 The formation of vertically ordered island stacks allows to exploit electronic coupling of the islands by controlling the inter-island separation in the nm region. 11, 34 Recent results for the SiGe/Si system suggest that vertical self-organization might improve the uniformity of self-assembled islands in the upper layers, 35, 36 making stacking a promising means to improve the island uniformity.
In this paper we report on PLE and TRPL investigations of stacked InAs/GaAs QD's in multilayered samples with GaAs spacers grown by migration enhanced epitaxy ͑MEE͒. The optical results suggest vertical self-organization improves, in addition to the size, also the shape uniformity of the islands found. Additionally, nonradiative recombination for samples with MBE grown caps is negligible for these samples. 27 The higher uniformity of the QD's in the multilayered samples, together with the lack of nonradiative recombination, allows the observation of the QD sizedependent excited-state splitting and the study of the intrinsic carrier relaxation and recombination dynamics of the self-assembled InAs/GaAs QD's.
II. SAMPLES AND EXPERIMENTAL SETUP
The samples were grown in a solid source RIBER molecular-beam epitaxy ͑MBE͒ system on semi-insulating GaAs(001)Ϯ0.1°substrates covered with a high-quality undoped GaAs buffer layer as described in Refs. 31 and 37. InAs was deposited at 500°C, a growth rate of 0.22 ML's
Ϫ1
, and an As partial pressure of 6ϫ10 Ϫ6 Torr on a starting surface showing clear c(4ϫ4) reconstruction. The reflection high-energy electron diffraction pattern became spotty after ϳ1.57 ML InAs deposition indicating the 2D to 3D morphology transition. The total deposition per InAs layer was 1.74 ML, resulting in a lateral QD density of ϳ300 m
Ϫ2
. For multilayered samples, 20-and 36-ML-thick GaAs spacers were grown at 400°C by MEE after each InAs deposition. Finally, the samples were capped with 170-ML MEEgrown GaAs. The use of MEE for the growth of the GaAs spacer and cap layers improves the PL yield of the QD's. 6 The 20-and 36-ML GaAs spacers reestablish a planar growth surface completely burying the InAs islands 6 and result in vertical ordering (Ͼ95%) of the InAs islands in stacks. 31 For the PL and PLE experiments the samples were mounted in a continuous-flow He cryostat. PL was excited by an Ar ϩ laser or a tungsten lamp dispersed by a 0.27-m double-grating monochromator as tunable, low excitation density (Ͻ0.02 W cm
) light source and detected through a 0.5-m single-grating monochromator using a cooled Ge diode. The TRPL measurements were performed in superfluid He with a Ti-sapphire laser providing 150 fs pulses at a repetition rate of 76 MHz for excitation and a 0.35-m subtractive double-grating monochromator in combination with an infrared-enhanced streak camera for detection. The full width at half the maximum ͑FWHM͒ of the system response to the excitation pulses was between 25 and 60 ps depending on the time-range setting. Time constants down to 5 ps could be resolved taking into account the system response to the excitation pulses.
III. EXCITED STATES OF STACKED InAs QUANTUM DOTS
Low excitation density PL spectra of the multilayered samples ͑Fig. 1͒ show a systematic effect of the arrangement of QD's in stacks. The QD PL centered at 1.186 eV with a FWHM of 70 meV for the single-layer sample exhibits a redshift and becomes narrower with increasing number of layers. The QD PL peak in the five-layer, 36-ML spacer, sample is 87-meV redshifted and nonsymmetric. PL spectra at moderate excitation densities of 1 -10 W cm
Ϫ2
, Fig.  2͑a͒ , reveal a doublet structure with peaks at 1.099 and 1.138 eV. At high excitation densities the 1.138-eV peak domi-nates and excited state transitions are observed. As will be shown below, these peaks are distinguished by a different excitation behavior and decay dynamics, suggesting the presence of two different types of QD's in the five-layer sample with 36-ML spacers. As discussed in more detail below, we propose a systematic variation of the island shape along the stacks to result in a transition from uncoupled to coupled QD's with different electronic properties leading to the observed PL doublet structure. Energy transfer within the stack quenches the PL of the higher-energy uncoupled QD's at low excitation densities. Reducing the spacer thickness to 20 ML ͑dashed spectrum in Fig. 1͒ , only the low-energy peak at 1.088 eV remains with an almost Gaussian line shape and a FWHM of 36 meV. The inset in Fig. 1 summarizes for samples with 36-ML spacers the ground-state transition energies ͑solid circles͒ and the excited-state transition energies ͑open circles͒ observed in high excitation density PL experiments ͑Fig. 2; not shown for the one-and two-layer samples͒.
The formation of a QD superlattice due to electronic coupling within the QD stacks has been invoked to explain comparable low energy shifts observed for multilayered samples with GaAs spacers of thickness 18 ML or less. 11, 34 The coupling strength depends on the wave-function overlap and thus decreases exponentially with increasing thickness of the GaAs barrier between the vertically aligned InAs QD's. In that respect, the only 11-meV energy difference between the QD PL transitions at 1.088 and 1.099 eV for five-layer samples with 20-and 36-ML spacers, respectively, seems rather small, particularly since the 20-ML spacers are only slightly thicker than the average island height of 5.5 nm observed in AFM studies for single layer samples, 7 whereas the 36-ML spacers are expected to result in about 5-nm GaAs barriers from the QD tip. Obviously, the barrier thickness is a function of the QD shape ͑for a given volume͒ and, as argued below, the islands tend to become steeper with increasing layer number leading to a decreasing barrier thickness in the upper layers of the stacks. We propose the coexistence of coupled and uncoupled QD's in the five-layer sample with 36-ML spacers as giving rise to the PL peaks centered at 1.099 and 1.138 eV, respectively. The energy shifts with respect to the single layer sample indicate that electronic coupling accounts only for part of the stackinginduced low-energy shift of the QD ground state transition energy.
Ledentsov et al. 11 proposed vertical In transfer between stacked InAs layers for their samples having thin GaAs spacer layers (р4.5 nm) insufficient to completely cover the QD's. The transfer was attributed to the tendency of InAs to wet the exposed GaAs surface. The increase in InAs coverage in the higher layers increases the average island size. However, in the present samples the GaAs spacer layers completely bury the InAs islands and reestablish a flat growth front 6 making vertical mass transfer unlikely. The strain-induced surface migration leading to vertical selforganization could increase the island volume at the expense of the WL. Indeed, the 2D to 3D morphology transition involves the transfer of InAs already incorporated in the 2D layer to the growing islands 38 and at 1.74-ML deposition the 3D islands reside on a high-quality 1-ML InAs WL, 39 much thinner than the critical coverage of 1.57 ML for InAs island formation. Figure 3 shows PLE spectra for the multilayered samples with 36-ML spacers ͑full lines͒. The respective detection energies are indicated by verticle arrows in Fig. 1 . The PLE spectra show two excitation resonances at 1.45 and 1.49 eV, which we attribute to the heavy ͑hh͒ and light ͑lh͒ hole transitions of the InAs quantum well formed by the WL. The transition energies indicate a WL thickness of about 1 ML. 40 , 41 The energy of the WL does not shift with the de- tection energy ͑compare, e.g., the two spectra for the fivelayer sample with 36-ML spacers shown in Fig. 3͒ indicating that the effective WL thickness is the same for all layers. Together with the almost perfect vertical correlation of the islands, 31 i.e., a constant island density in the various layers, the results suggest that the average island volume does not change significantly in the stacking process.
The arrangement of InAs islands in stacks, however, allows the InAs QD's to relieve more strain than in the case of isolated QD's in single layer samples. 11, 42 As a result the InAs band gap energy will decrease leading to a low-energy shift of the QD transition energies. This is supported by the PL spectra ͑Fig. 1͒ showing that even QD's in the first InAs layer experience a redshift in the stacks, which is expected only in case of electronic coupling or an altered strain situation. The analysis of the electronic coupling in QD stacks needs to take into account the altered strain relaxation as proposed in Refs. 11 and 42.
Returning to the three lowest PLE spectra depicted in Fig.  3 for samples with one, two, and five InAs layers with 36-ML spacers, the general shapes are remarkably similar, supporting the notion of uncoupled QD's in the stacks. The PLE spectra are normalized at 1.67 eV and shifted in the y direction for clarity. The high excitation efficiency for excitation above the GaAs band gap shows the high carrier capture efficiency of the InAs/GaAs QD's. 13 The PLE efficiency drops about one decade for excitation below the GaAs band gap, reflecting the lower optical thickness of the WL. The integrated intensity of the WL excitation increases in comparison to the GaAs excitation efficiency with increasing number of stacks due to the contributions of the various InAs layers. Exciting below the hh-WL resonance at 1.45 eV the PLE efficiency decreases again by approximately one decade. To the excitation in this energy region contribute only excitation processes localized at the QD's: either excited state transitions or charge transfer transitions leaving one carrier localized in the QD and the other in the WL followed by the immediate recapture of the photoexcited carrier by the now charged QD. The two characteristic PLE resonances ͑indicated by vertical arrows in Fig. 3͒ located about 60 and 100 meV above the detection energy with FWHM's of about 25 meV are attributed to excited-state absorption of the QD's. 6, 13, 27, 43 Near the detection energy stray light in the PLE system leads to the rising signal hampering the detection of resonant excitation of the QD ground state or of excitation resonances close to the detection energy. However, PLE spectra for the one-and two-layer samples excited with a tunable Ti-sapphire laser reveal only Raman scattering of GaAs TO and LO phonons within 40 meV of the detection energy. Figure 4 compares contour plots of the PL intensity as function of the detection energy and the excess excitation energy ⌬EϭE exc ϪE det for the one-, two-, and five-layer samples with 36-ML spacers. The dotted lines marking the PLE resonances are only guides to the eye. For the singlelayer sample the two excitation resonances are found invariably at ⌬E 1 ϭ71.4 and ⌬E 2 ϭ103.8 meV, whereas for the two-layer and the 1.138-eV peak of the five-layer sample ⌬E 1 and ⌬E 2 decrease with decreasing ground-state transition energy. This behavior reflects the decreasing excitedstate splitting in QD's of increasing size. The FWHM of the PLE resonances probing a QD ensemble is large (ϳ25 meV) in contrast to sharp lines observed for single QD's. 44 PLE overcomes the inhomogeneous broadening of the ground-state transition of the QD ensemble by setting a narrow detection window centered at E det , and probes the inhomogeneously broadened excited-state spectrum of this subset. The inhomogeneity of the self-assembled QD's, either in a single set or within the stacked layers, is not restricted to volume variations alone, but also involves the shape of the islands. Thus, even for a defined ground-state transition energy, the excited-state spectrum will be inhomogeneously broadened, and the FWHM of the PLE resonances is a measure for the shape nonuniformity. The high excitation density PL spectra of the multilayered samples show the first excited-state transition between 80 and 100 meV above the ground-state transition in good agreement with the dominating resonance in the better resolved PLE spectra. Figure 5 summarizes the energy shift ⌬E of the PLE resonances with respect to the detection energy for the multilayered samples with 36-ML spacers. Plan view and crosssectional transmission electron microscopy ͑TEM͒ investigations of the single-layer sample as well as of an identical but uncapped sample are consistent with a pyramidal shape of the islands, with a base length of (12Ϯ2) nm and predominantly ͕302͖ type side facets. 45 The QD shape and base length are similar to other observations for different growth conditions. 5, 46 Calculations for pyramidal QD's with ͕101͖ ͑Ref. 17͒ and ͕302͖ ͑Ref. 19͒ side facets give only a single localized electron state and locate the first excited ͉001͘, ͉010͘, and ͉100͘ hole states about 60-110 meV FIG. 3 . PLE spectra for multilayered InAs/GaAs samples with 36-ML spacers ͑full lines͒. The PLE spectrum of the five-layer sample with 20-ML spacers ͑dashed line͒ is given for comparison. The detection energies are marked by arrows in Fig. 1 . The PLE spectra are normalized for nonresonant excitation at 1.67 eV and shifted in the y direction for clarity. The combined experimental resolution for detection and excitation was better than 5 meV.
above the ͉000͘ ground state depending on the QD size and shape. Thus, the dominant excitation resonance observed 60-103 meV above the detection energy might be attributed to the transition between the electron ground state and an excited hole state, most likely the ͉001͘ hole state, which has a larger oscillator strength than transitions involving the ͉010͘ and the ͉100͘ hole levels. 17 This assignment is in agreement with that of excited-state transitions observed in high excitation density PL experiments 19 and supported by the observation of multi-LO-phonon replicas in the QD PLE spectra 27 as well as the Zeeman behavior. 47 The PLE results shown in Figs. 4 and 5 give, for the first time, experimental evidence for the expected volume dependence of the excitedstate spectrum of self-assembled QD's.
Widely varying shapes have been reported for selfassembled InAs islands in single-layer samples, [3] [4] [5] [6] [7] 19 indicating that the thermodynamic equilibrium shape of the islands ͕͑101͖ side facets͒ 48 is generally not achieved in the kinetically limited formation process, but that the islands have a tendency to form shallower side facets. Additionally, for single-layer samples a trend for larger volume islands to have flatter side facets has been inferred from optical results. 19, 27 Figures 4 and 5 evidence a pronounced effect of the vertical stacking of InAs islands on the observed PLE spectra. With increasing number of InAs layers the PLE resonances shift for the same ground-state transition energy towards lower energies and the low-energy shift of the resonances with the decreasing ground-state transition energy becomes steeper. We propose this behavior to indicate a systematic change of the InAs island shape in the stacking process as illustrated in Fig. 6 , namely, an increasing heightto-width aspect ratio and an improving shape uniformity of the islands in the higher layers. TEM images of uncapped islands in a single layer sample with 1.74-ML InAs deposition show side facets close to ͕302͖. 45 The PLE results suggest that the islands in the higher layers become steeper in the stacking process. However, this effect is not easily resolved in cross-sectional TEM images of stacked samples, where strain contrast masks changes in the island shape as, e.g., in Fig. 1͑c͒ of Ref. 31 for the five-layer sample with 36-ML spacers. The decreasing intensity of the 60-meV resonance compared to that of the 100-meV resonance with increasing number of layers ͑lowest three spectra in Fig. 3͒ is attributed to the narrowing of the inhomogeneous excitedstate splitting and supports an improving shape uniformity. We propose a systematic change in island shape to be intricately bound to the vertical self-organization of the islands in the stacked samples. It is now well established 31, 34 that vertical self-organization is a consequence of the contribution of buried InAs islands to the surface strain distribution dictating the surface migration of In in the second layers. 31 The PLE spectra dominated by a narrow resonance around ⌬Eϭ100 meV discussed up to now are characteristic for electronically uncoupled QD's. However, the increasing island height in the upper layers reduces the GaAs barrier between the stacked islands and might eventually lead to electronic coupling. The 1.099-eV peak ͑Fig. 1͒ dominating the PL of the five-layer sample with 36-ML spacers for lowdensity GaAs excitation is attributed to such coupled QD's. The contour plot of the PL intensity of the five-layer sample in Fig. 4 shows a different behavior ͑marked by dashed lines in Fig. 4͒ for the 1.138-and 1.099-eV peaks. The intensity of the 100-meV resonance attributed to the ͉001͘ h ͉000͘ e excited state absorption of uncoupled QD's is shown in Fig.  2͑b͒ as a function of the detection energy, demonstrating the correlation with the 1.138-eV peak. For the 1.099-eV peak two additional excitation resonances at about 35 and 120 meV are observed. The 35-meV resonance is too broad and intense to be attributed to Raman scattering and shifts towards higher energies with decreasing detection energy ͑see Fig. 5͒ . A stronger electronic coupling for larger and therefore higher QD's, which result in a thinner GaAs barrier between the stacked QD's, could explain this behavior. For thinner spacers ͑20 ML͒ the PLE spectrum shows only weak structure peaking about 60 meV above the detection energy ͑dashed spectrum in Fig. 3͒ . This behavior is characteristic of strongly coupled QD's. 42 Higher-resolution PLE spectra resolving fine structure in the energy range below 30 meV would be needed for a detailed analysis of the electronic coupling in the QD stacks. However, the results presented here demonstrate the inequivalence of the various InAs layers in the multilayered samples.
IV. CARRIER CAPTURE, RELAXATION, AND RECOMBINATION
The observation of excited state resonances in the PLE spectra of single and multilayer InAs/GaAs self-assembled QD's discussed above is in striking contrast to the observation of multiphonon resonances for single-layer samples examined in Refs. 13, 14, 27, and 43. Distinct replica corresponding to multiphonon scattering involving LO phonons from the InAs QD, the WL and the GaAs barrier have been resolved, 13, 27 demonstrating inelastic multiphonon scattering to be the most efficient intradot carrier relaxation process. The observation of the multiphonon resonances has been explained in analogy to hot carrier relaxation in higherdimensional systems, 49 which leads to multiple LO resonances in PLE spectra, when competing nonradiative recombination allows only the most efficient relaxation processes ͑LO scattering͒ to populate the luminescent state. For QD's having a discrete density of states the inhomogeneous broadening of the ensemble replaces the spatial dispersion in higher-dimensional systems. For self-assembled InAs/GaAs QD's radiative recombination 43 as well as a nonradiative recombination involving deep defects in the barrier 13, 27 have been proposed to compete with intradot relaxation. In both cases only QD's providing rapid carrier relaxation will contribute to the PLE signal, and the observed multiphonon resonances demonstrate a resonance condition for the excited-state splitting. The observation of excited-state resonances reported in this paper ͑Figs. 4 and 5͒ shows the lack of an efficient competing recombination channel in the investigated samples. Indeed, the maximum of the excitation via the ͉001͘ hole state is observed for an excited state splitting of 83 meV ͑five-layer sample, Fig. 4͒ for which multiphonon relaxation is inefficient. 27 These results demonstrate the extrinsic nature of any competing recombination channel for InAs/GaAs QD's, thus supporting the earlier notion of nonradiative energy transfer to deep defects in the GaAs barrier for samples showing clear multiphonon resonances. 27 We attribute the lower defect concentration in the GaAs barriers of the present samples to the employed MEE growth mode, which has been observed to improve the QD PL yield. 6 In order to gain insight into the carrier relaxation and recombination dynamics in the stacked InAs/GaAs QD samples we have investigated the dynamic behavior of the QD PL following pulsed excitation with various energies and densities.
In TRPL experiments the suppression of intra-dot carrier relaxation due to saturation of QD states results in characteristic changes in the observed PL dynamics. 27, 50, 51 For the self-assembled InAs/GaAs QD's carrier relaxation (ϳ40 ps) ͑Ref. 27͒ is much faster than radiative recombination. Thus, carriers generated by the short excitation pulse ͑150 fs͒ will fill up QD levels starting from the ground state after an initial capture and relaxation phase, which might be dominated by Coulomb scattering. 51 With increasing delay the hole density decreases due to carrier recombination and the various QD states will be successively depopulated. The PL intensity from a given state being proportional to its population remains almost constant as long as higher-lying states are populated providing practically instantaneous holes to fill up freed states. Only the PL intensity from the highest populated state decays with a time constant corresponding to the sum of the radiative recombination probability and the rate at which recombination generates a lower-lying empty state enabling intradot relaxation. This will lead to systematically shorter decay times for PL from higher excited states though the oscillator strength might actually be lower than for the ground-state transition. Master equations for microstates ͑MEM͒ provide a quantitative description of the PL dynamics for uncoupled QD's as detailed in reference. 52 Figure 7 compares PL spectra of the five-layer sample with 20-ML spacers for continuous-wave ͑cw͒ and pulsed excitation revealing excited-state PL with increasing excitation density. For high intensity cw excitation the excitedstate PL intensity is comparable to the ground-state intensity indicating comparable oscillator strength, whereas for pulsed excitation the subsequent depopulation of excited states results in a lower integrated intensity for the excited-state transitions. However, the same time-averaged excitation density provides initially a higher carrier density for pulsed excitation. The lowest excitation density of 1 W cm Ϫ2 is already sufficient to saturate the ground state of part of the QD's. At 10 W cm Ϫ2 the first excited state is saturated and the second one becomes populated. At 60 W cm Ϫ2 PL appears in the spectral region of the WL indicating the QD states to be completely saturated. Figure 8 gives transients recorded at the positions ͑indicated by arrows in Fig. 7͒ of the groundstate and various excited-state transitions showing the expected initially almost constant intensity as long as PL from higher-energy states is observed. The PL intensity, however, is initially not perfectly constant as a result of a laterally inhomogeneous excitation density, carrier diffusion, and the statistical population of the uncoupled QD's after nonresonant excitation. 52 Multiexponential fits of the excited-state PL transients yield a decay time of about 480 ps for PL from the first excited state, which decreases to 15 ps for PL above 1.4 eV attributed to exciton recombination in the WL, reflecting the increasing number of recombination channels with increasing population of the QD's. A fit of the PL transients, recorded at 1 W cm Ϫ2 , using MEM yields lifetimes of 0.95 and 1.55 ns for the ground and first excited-state transition, respectively. The long excited-state lifetime is compatible with the forbidden character of the ͉001͘ h ͉000͘ e transition.
The high excitation density PL transients, Fig. 8 , show saturation of the ground-state transition for up to 1 ns after the initial excitation, and the first and second excited states remain saturated for a few hundred ps. This behavior is in contrast to the earlier observation of very rapid excited-state PL decay (Ͻ100 ps) at high excitation densities, which has been taken as indication of nonradiative recombination. 27 The long-lived excited-state PL in the present samples suggests radiative recombination to dominate for the excited QD states, demonstrating the high optical quality of the investigated samples. The MEE growth technique used for the GaAs spacer and the cap layers provides GaAs with low defect concentrations at the growth temperature of 400°C. The importance of the GaAs cap growth mode was manifest in the increase in PL efficiency for samples with the cap layer grown in the MEE mode compared to those grown with conventional MBE. 6 Pauli blocking can be neglected at low excitation densities (р0.5 W cm Ϫ2 ), in which case the transients are generally well fitted assuming one exponential rise and one exponential decay process, describing carrier relaxation and recombination in a three-level system. The uppermost level is populated at tϭ0 and relaxes with rate 1 Ϫ1 to the luminescent level, before recombination into the ground state occurs with rate 2 Ϫ1 . The shorter of the two time constants determines the rise and the longer one governs the decay of the time-dependent PL intensity I: Figure 9 shows a typical low excitation density QD PL transient ͑dots͒ for the case of the two InAs-layer sample with a 36-ML spacer together with a least-square fit ͑full line͒ of the convolution of Eq. ͑1͒ with the system response to the exciting laser pulses. Evaluating transients of multilayered samples with 36-ML spacers we find time constants of about 40 ps for the PL rise and of a few hundred ps for the PL decay, which are summarized in Fig. 10 . Nonresonant excitation of the GaAs barrier generates free electron-hole pairs, which have to diffuse or migrate to the QD's, before they can be captured into a localized state and relax by interlevel scattering to the QD ground state, leading to the PL detected in our experiments. The lack of free exciton PL from the GaAs barrier and the InAs WL as well as the lack of excited-state PL at low excitation densities indicate the observed 40-ps rise time to describe carrier capture and relaxation and the longer time constant to describe groundstate recombination. Both the rise and the decay times ͑Fig. 10͒ vary only weakly with the detection energy as well as the number of stacks in the sample. These findings suggest the oscillator strength to be practically independent of the QD size, supporting the prediction of a constant interband oscillator strength in the strong confinement regime. 53, 54 The observed lifetimes are, however, shorter than those reported previously. 9, 27, 55 More detailed investigations are necessary to evaluate the size and shape dependence of the transition matrix element. Remarkably, the TRPL results show for the five-layer sample a sharp increase in the PL decay time below 1.12 eV. PL in this region is attributed to coupled QD's, suggesting a decreasing oscillator strength for weakly coupled QD's. An increasing oscillator strength with decreasing barrier thickness has been reported for strongly coupled QD's.
11
TRPL measurements for various excitation energies allow a more detailed characterization of the excitation dynamics. Although for excitation near the hh transition of the WL ͑1.44 eV͒ or via excited state transitions of the QD's ͑1.25 eV͒ carrier diffusion and carrier capture into excited states, respectively, are excluded from the excitation chain, the transients, within the experimental error, are the same as for excitation in the GaAs barrier. As shown in the inset of Fig.  9 , the observed PL rise time is (40Ϯ5) ps independent of the chosen excitation energy/process as well as the number of stacks in the sample and thus limited by intradot relaxation processes. The observed PL rise time is in good agreement with recent experimental results on single-layer samples 27, 30 and attributed to multiphonon relaxation of the excited hole states.
The TRPL results yield only an upper limit (Ͻ5 ps) for capture into excited QD states. However, the PLE results give indirect evidence for sub-ps carrier capture inferred earlier from the quantum efficiency of deep etched mesa structures.
56 Figure 11 shows the PLE behavior of the QD ground-state PL for the two-layer sample. The excitation efficiency in the GaAs barrier shows minima separated by (43Ϯ2) meV that extrapolate to the free-exciton ͑FE͒ energy as indicated. The observed energy spacing ⌬E is characteristic for hot-electron relaxation in GaAs, given by ization in the GaAs barrier hampering QD excitation is also revealed by the temperature dependence of the PLE spectra, inset of Fig. 11 . At 3.6 K the GaAs FE absorption is practically not resolved and the PLE spectra reveal the hotelectron relaxation minima. Raising the temperature to 17 K, the FE absorption appears and the PLE efficiency becomes smooth at higher energies attributed to the thermally activated mobility of FE's.
PLE spectra taken for various temperatures at the peak of the QD PL in the two-layer sample reveal remarkable differences in the intensity evolution depending on the excitation process. Figure 12 depicts the intensity of the QD groundstate PL for excitation in the GaAs barrier, the hh transition of the WL, and the ͉001͘ h ͉001͘ e excited-state transition resonance as indicated in the inset. Exciting the GaAs barrier ͑triangles͒ the PL intensity doubles from 4 to 18 K only to decrease again with increase of temperature to 35 K, showing the increasing mobility of the FE's and their thermal dissociation, respectively. The FE effect is absent when exciting via the WL. The decrease of the PL intensity above 80 K observed for nonresonant excitation has been attributed to thermal evaporation of carriers from the ground state. 9, 55, 57 However, exciting carriers directly into the ͉001͘ h excited hole state of the QD's ͑circles͒ leads to a significantly higher-temperature stability of the PL intensity. These results show that actually the carrier capture and relaxation processes determine the observed temperature dependence of the QD PL intensity for nonresonant excitation. The decreasing capture efficiency above 80 K, is attributed to a decreasing carrier capture efficiency due to thermal evaporation of carriers from excited QD states.
V. CONCLUSION
In the present paper the effect of stacking on the excited states and carrier relaxation processes of InAs QD's is investigated using PLE and TRPL spectroscopy. The contribution of the buried InAs islands to the surface strain directing the In migration leads not only to vertical ordering of the islands but, as suggested by the results presented, also to an increasingly higher degree of island uniformity. The optical results demonstrate unambiguously the inequivalence of the various InAs QD layers for samples with 36-ML GaAs spacers, indicating a systematic variation of the island shape in the stacks. The ground-state transition energy of the stacked QD's is found to decrease compared to that of isolated QD's as a result of the higher degree of strain relaxation and electronic coupling. The systematic change in island shape complicates control of the electronic coupling in the QD stacks.
PLE spectra reveal the size-dependence of the excitedstate spectrum for self-assembled InAs QD's. The dominant excitation resonance is attributed to the ͉001͘ h ͉000͘ e excited state transition based on numerical results for pyramidal InAs islands, supporting the earlier assignment of the excited-state transitions observed in high excitation density PL to transitions between excited hole states and the electron ground state. 19 State-filling effects are found to dominate the PL dynamics in densely populated QD's for up to 1 ns, attributed to a low concentration of competing nonradiative recombination channels in the investigated samples due to the MEE growth of the GaAs spacer and cap layers. Carrier capture and intradot carrier relaxation lead to a (40Ϯ5) ps rise time for the QD ground-state PL, attributed to multiphonon relaxation of the ͉001͘ hole state. Carrier cooling is about two orders of magnitude slower than in higherdimensional systems but still over one order of magnitude faster than radiative recombination, explaining the apparent lack of a phonon bottleneck in PL experiments. However, FIG. 12 . Temperature dependence of the QD PL intensity in the two-layer sample with 36-ML spacer for excitation in the GaAs barrier, in the InAs WL, and via the excited ͉001͘ hole state. The intensities are evaluated from PLE spectra detected at the maximum of the temperature-dependent QD PL peak as indicated in the inset. carrier relaxation is found to limit the PL yield at temperatures above 80 K and might lead to a bottleneck effect in the stimulated emission regime, limiting the high-frequency behavior of QD injection lasers and causing lasing on excited state transitions depending on the gain/loss balance.
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